High-spin states of the neutron-rich odd nuclei 159,161,163 Dy have been studied using the incomplete fusion reactions 158,160 159,161,163 Dy are discussed and compared to calculations performed within the projected shell model.
the first time. Moreover, 11 E1 transitions connecting both signatures of the 3/2 Ϫ ͓521͔ band to the 5/2 ϩ ͓642͔
band have been observed in this nucleus; the deduced B(E1)/B(E2) ratios as well as the B(M 1)/B(E2) ratios for transitions within the 3/2
Ϫ ͓521͔ band show a pronounced signature dependence. In 161 Dy and 163 Dy, rotational bands have been extended to significantly higher spin values. In 161 Dy, the sequences built on the neutron 5/2 Ϫ ͓523͔ and 3/2 Ϫ ͓521͔ states have been followed up to spin 49/2 Ϫ and 33/2 Ϫ , respectively, and in both cases upbends have been observed around បϷ0.26 MeV. In addition, a new band most probably built on the 11/2 Ϫ ͓505͔ single-particle state has been identified in this isotope. In 163 Dy, both the 5/2 Ϫ ͓523͔ ground state band and the structure built on the 5/2 ϩ ͓642͔ neutron orbit have been extended up to the 45/2 Ϫ and 49/2 ϩ states, respectively. However, no band crossing has been observed in this nucleus. The properties of the observed bands in 159, 161, 163 Dy are discussed and compared to calculations performed within the projected shell model. DOI: 10.1103/PhysRevC.67.034302 PACS number͑s͒: 23.20.Lv, 27.70.ϩq, 21.10 .Re
I. INTRODUCTION
The odd Dy isotopes investigated in the present work belong to the region of deformed rare-earth nuclei in which pioneering work about the irregularities of the rotational motion, especially the backbending phenomenon ͓1͔, has been performed in the 1970s ͓2,3͔. The comparison of rotational bands based on different single-particle orbits in a number of odd-N and odd-Z nuclei led to the conclusion that the alignment of only one single high-j nucleon pair ͑in the rare-earth region a i 13/2 neutron pair͒ is responsible for the backbending process, i.e., that the crossing of the ground state band with a band built on a broken i 13/2 neutron pair causes the backbending observed in the Yrast sequence. A lot of experimental information about high-spin states is now available for the neutron deficient nuclei in this region. However, for the neutron rich isotopes, which cannot be populated in heavy-ion induced fusion-evaporation reactions, the available information is still rather meager. In this paper we report on a study of 159, 161, 163 Dy using incomplete fusion reactions. Rotational bands in all three isotopes could be extended to considerably higher spin states than known before. Concerning the question of octupole softness in odd-A nuclei, the importance of information on the angular momentum dependence of the E1 transition strength between bands built on different configurations was pointed out in a series of papers ͓4 -6͔. We therefore searched for such E1 transitions and found them in all three isotopes under study. The experimental details are given in Sec. II followed by the presentation of the results in Sec. III. The observed behavior of the rotational bands as well as their electromagnetic decay properties, namely the B(E1)/B(E2) and B(M 1)/B(E2) ratios, are discussed in Sec. IV. Finally, the experimental results are compared to calculations performed within the projected shell model in Sec. V and the paper is closed by concluding remarks.
II. EXPERIMENTS
To populate excited states in the nuclei 159, 161, 163 Dy, the incomplete fusion reactions 158, 160 Gd( 7 Li,(p,d,t)xn) at the beam energy of 56 MeV were employed. The beam was delivered by the XTU tandem accelerator of the Laboratori Nazionali di Legnaro and directed onto targets with thicknesses of 3.7 mg/cm 2 ( 158 Gd) and 3.9 mg/cm 2 ( 160 Gd), respectively. The ␥ radiation was detected in the 40 Comptonsuppressed Ge detectors of the GASP array and the 80-element BGO inner ball. In addition, charged particles were detected in the Si ball ISIS consisting of 40 Si ⌬EϪE telescopes arranged in the same geometry as the Ge crystals in GASP, namely in seven rings with ⌰ϭ35°, 59°, 72°, 90°, 108°, 121°, and 145°with respect to the beam. To protect the Si detectors from damage by scattered beam particles, an absorber tube consisting of 100-m Cu and 12-m Al was mounted around the beam axis. All events with at least three coincident ␥ rays in the Ge detectors or two ␥ in the Ge plus one particle detected in the Si ball were recorded on tape with the additional condition that the ␥ multiplicity in the BGO ball was 3 or higher. More details about this experiment are given in Ref. ͓7͔.
III. DATA ANALYSIS AND RESULTS
In the reactions 158, 160 Gd( 7 Li,(p,d,t)xn), a number of Ho and Dy isotopes are produced. Whereas the Ho nuclei are populated after the emission of 4 -7 neutrons, the emission of a charged particle, i.e., either a proton, a deuteron, or a triton, goes along with the population of the Dy isotopes. As discussed in detail in Ref. ͓7͔, the reaction mechanism responsible for the observed high cross sections for the charged particle channels is incomplete fusion. One advantage of this type of reaction is that the different final products are populated with different probabilities via the channels pxn, d(xϪ1)n and t(xϪ2)n. For the lighter isotopes, the triton channel is most probable whereas for the heavier ones the proton channel is the most important one. This property together with the charged particle identification capability of the ISIS array allowed us to produce rather clean ␥␥ matrices for each of the three isotopes 159, 161, 163 Dy under study. In the following subsections, the data analysis and the resulting extensions of the level schemes will be discussed for each of the isotopes separately.
A. Level scheme of 159 Dy
Previous work on 159 Dy identified three rotational bands based on the 3/2 Ϫ ͓521͔, 5/2 ϩ ͓642͔, and 11/2 Ϫ ͓505͔ neutron single-particle states, which were observed up to the 21/2 Ϫ , 45/2 ϩ , and 23/2 Ϫ states, respectively ͓8-10͔. More recently, using the EUROBALL IV spectrometer and deepinelastic reactions, Liang et al. observed Dy, a ␥␥ matrix produced in coincidence with high energy tritons was subtracted from a matrix produced in coincidence with low energy tritons which led to a rather clean 159 Dy matrix. In Fig. 1 , two coincidence spectra produced from this matrix are shown. In Fig. 1͑a͒ Gd reaction ͑compare Fig. 6 in Ref. ͓7͔͒, a ␥␥ matrix was sorted from this experiment with the requirement of a triton being detected in coincidence in the ISIS ball. The strongest contaminating channels in this matrix are the even neighbors 162 Dy and 160 Dy populated via the t2n and t4n channel, respectively. In order to reduce these contaminations, matrices in coincidence with high energetic deuterons obtained from both data sets have been subtracted from the triton gated matrix applying adequate normalization factors. Since these matrices contain mainly ␥ rays belonging to 162 Dy and 160 Dy ͓7͔, the result of this procedure is a quite pure 161 Dy matrix.
This matrix was then used to extend considerably the excitation scheme of this nucleus. The known rotational bands based on the 5/2 ϩ ͓642͔, 5/2 Ϫ ͓523͔, and 3/2 Ϫ ͓521͔ neutron single-particle states were observed in the present work up to spin 47/2 ϩ , 49/2 Ϫ , and 33/2 Ϫ , respectively. To illustrate the quality of the data, three coincidence spectra are shown in Fig. 3 . The coincidence spectra with gates on the 331-and 128-keV transitions in Figs. 3͑a͒ and ͑b͒ illustrate the extensions of the known 5/2 Ϫ ͓523͔ and 3/2 Ϫ ͓521͔ bands. The states of both signatures of the 5/2 Ϫ ͓523͔ band decay over a wide spin range via E1 transitions to the 5/2 ϩ ͓642͔ ground state band. Moreover, a new band consisting of two sequences of E2 and strong interconnecting M 1 transitions has been identified in 161 Dy, which is displayed in Fig. 3͑c͒ . Although no ␥ rays connecting this new structure to the known part of the level scheme were found, the band can be unequivocally assigned to 161 Dy on the basis of its observation and nonobservation under different particle conditions ͑see above͒. The most probable reason for the nonobservation of ␥ rays from the decay of this band is an isomeric character of the band head. Taking into account our coincidence time window of about 70 ns, no coincidences between populating and depopulating transitions are expected to be observed for state lifetimes above a few hundred nanoseconds. Another possible explanation for the nonobservation of ␥ rays from the decay of this new band is that it decays directly to the ground state or to one of the low-lying states, e.g., the ones with excitation energies of 26 and 44 keV, the decays of which are not observed in the present experiment. In this case, however, the band should have been found already in the earlier studies concentrating on the low-spin part Dy is still the dominant channel and it was therefore necessary to further clean it up by subtracting a matrix gated by high energetic deuterons, which contains mainly ␥-rays from 162 Dy. Using the resulting ␥␥ matrix it was possible to considerably extend both known rotational bands in 163 Dy. The ground state band was observed up to the 45/2 Ϫ level and the 5/2 ϩ ͓642͔ band up to spin 49/2 ϩ . In the latter band, strong M 1 transitions from states of unfavored signature into the favored sequence were observed in analogy to the bands built on the same single-particle orbit in 159, 161 Dy. The newly proposed level scheme of this nucleus is shown in Fig. 5. For illustration, Fig. 6 shows the coincidence spectra obtained with a gate on ͑a͒ the 325-keV Dy are listed in Table III .
IV. DISCUSSION
As discussed in the previous section, several rotational bands in the odd 159, 161, 163 Dy isotopes were extended up to significantly higher spin than known before and in 161 Dy a new rotational band was established. In order to discuss the properties of these bands at high spin, plots of the aligned angular momentum versus the rotational frequency ប are shown in Fig. 7 for all observed bands. For comparison the alignments for the yrast bands of the even neighbor isotopes 158, 160, 162 Dy are shown in the figure, too. To determine the aligned angular momentum, the spin of a reference rotor with I re f ϭ(J 0 ϩJ 1 2 )(/ប) has been subtracted from the angular momentum I as a function of . Dy take place at a frequency about 40 keV lower than the crossing frequency in the yrast band of the even Dy neighbor. This effect has been observed in a number of odd nuclei in the rare-earth region ͓18,19͔ and is explained by a reduction of the neutron pairing correlations due to the-''blocking'' of the pairing contribution from a quasineutron orbit near the Fermi surface ͓18͔.
In the 11/2 Ϫ ͓505͔h 11/2 band in 159 Dy, a band crossing was observed for the first time. As opposed to the h 9/2 and f 7/2 bands, this band shows an upbend at the same frequency as the yrast band in 158 Dy. In 161 Dy, the same band unfortunately has been observed only up to បϷ0.29 MeV and up to this frequency no crossing was observed.
In all three odd Dy isotopes studied, a large energy splitting between the different signatures is observed for the positive parity yrast sequence in which the odd neutron occupies the 5/2 ϩ ͓642͔ Nilsson orbit. In Fig. 8͑a͒ , the quantity
is plotted as a function of the spin I. It can be read from this figure that for small and medium spin values, the energy splitting decreases slightly with increasing N between 159 Dy (Nϭ93) and 163 Dy (Nϭ97). A similar trend has already been observed in the odd Yb isotopes from Nϭ91-95 ͓19͔. The energy splitting is a measure for the ⍀ϭ1/2 component in the wave function. Since in this case the relevant 1/2 ϩ ͓660͔ Nilsson orbit shifts away from the Fermi surface with increasing N, a decreasing splitting is to be expected.
It is also interesting to look for the signature splitting in bands based on nonunique parity orbitals. For the 5/2 Ϫ ͓523͔ band, see Fig. 8͑b͒ Dy around spin 29/2 is also found in 163 Er at about the same spin value. Concerning the 3/2 Ϫ ͓521͔ orbital, the splitting in the corresponding bands in 159, 161 Dy is again much smaller than for the 5/2 ϩ ͓642͔ bands ͓see ͓7͔, have shown that the Dysprosium isotopes are indeed very soft in the octupole degree of freedom. Accordingly, we expect lowlying octupole vibrations, a strong coupling to the odd nucleon, and thus the occurence of large B(E1) values in these nuclei. A signature dependence of the B(E1) values has, to our knowledge, only been investigated experimentally in rare cases ͓23,6͔. We actually succeeded to observe E1 transitions over a wide spin range from the 3/2 Ϫ ͓521͔ to the 5/2 ϩ ͓642͔ band in 159 Dy and from the 5/2 Ϫ ͓523͔ to the 5/2 ϩ ͓642͔ band in 161 Dy. However, as no lifetimes were measured in the present work, only the ratios between the out-of-band B(E1; I→IϪ1) values to the in-band B(E2; I→IϪ2) values could be extracted from the measured intensity ratios without further assumptions using the relation
͑2͒
The intensity ratio I ␥ (E1)/I ␥ (E2) for the decay of a given state I has been determined in the most direct way, namely from the coincidence spectrum with a gate on the in-band transition populating the state under investigation. In this way systematical uncertainties are reduced at the expence of higher statistics. Employing the generalized intensity relation ͑GIR͒ derived for the B(E1) values within the rotational model ͓24,25͔, the B(E1)/B(E2) ratios are expected to obey the relation
with M 1 (2M 2 •I) being the I-independent ͑leading order I-dependent͒ intrinsic E1 matrix element and Q 0 the intrinsic quadrupole moment of the K i band. The experimental R(E1/E2) ratios are displayed as a function of I in Fig. 9 . Figure 9͑a͒ shows the R(E1/E2) ratios for the decay of the 3/2 Ϫ ͓521͔ band in 159 Dy, Fig. 9͑b͒ those for the decay of the 5/2 Ϫ ͓523͔ band in 161
Dy. In addition, the R(E1/E2) values obtained for the four E1 transitions from the 3/2 Ϫ ͓521͔ to the 5/2 ϩ ͓642͔ band in this nucleus are included, too. As expected we find large intrinsic E1 matrix elements in both cases with a linear dependence on I as predicted by the GIR ͓Eq. ͑3͔͒. However, a significant difference between the two bands is observed. The R(E1/E2) ratios for the decay of the 3/2 Ϫ ͓521͔ band in It is tempting to attribute the observed signature dependence of the B(E1)/B(E2) ratios for the 3/2 Ϫ ͓521͔ bands to a signature dependence of the B(E1) rather than the B(E2) values as a 30% difference between the Q 0 moments of the two signature partners of the 3/2 Ϫ band seems rather unlikely in view of the stable deformation of the neutron-rich Dy nuclei. In this context, it is also interesting to study whether the B(M 1)/B(E2) ratio for the 3/2 Ϫ ͓521͔ band shows a signature dependence, too. For this purpose, we determined the experimental B(M 1)/B(E2) ratios from the intensity ratios using the formula
assuming the ⌬Iϭ1 transitions to be of pure M 1 nature. Since the mixing ratio for the ⌬Iϭ1 transitions connecting the two signatures of the decay sequences are expected to be FIG. 9 . Experimental R(E1/E2) ratios ͑see text for the definition͒ as a function of spin for ͑a͒ the 3/2 Ϫ ͓521͔ band in 159 Dy and ͑b͒ the 3/2 Ϫ ͓521͔ and 5/2 Ϫ ͓523͔ bands in 161 Dy. The solid lines are linear fits to the data points, whereas the dashed lines connecting the only two available data points are included to guide the eye.
small, the uncertainty introduced by this assumption is likely small compared to the uncertainties in the determination of the experimental branching ratios. As in the case of the B(E1)/B(E2) ratios discussed above, the experimental branching ratios have been determined from the intensities in individual coincidence spectra with gates on the respective feeding transitions. In anology to the discussion of the B(E1)/B(E2) ratios, we define the quantity
͑5͒
which is shown for the 3/2 Ϫ ͓521͔ bands in 159 Dy and 161 Dy in Fig. 10͑a͒ . Indeed, a signature dependence is observed for this quantity, too. As in the case of the E1 transitions, also the B(M 1)/B(E2) ratio is larger for the decay of positive signature states. However, the signature splitting of the R(M 1/E2) ratios is much smaller than the splitting observed for the R(E1/E2) ratios of the same band in 159 Dy supporting our assumption that the E1/E2 splitting is not due to a signature dependence of the quadrupole moment Q 0 .
As discussed above, the new band identified to belong to 161 Dy ͓compare Fig. 3͑c͔͒ seems to be very similar to the 11/2 Ϫ ͓505͔ band in 159 Dy and we therefore tentatively assigned it to be based on the same neutron orbit. In both bands several strong ⌬Iϭ1 cascade as well as crossover E2 transitions are observed and both show a strong-coupling character. To further support our assignment, we compared the experimental B (M 1; I→IϪ1) Dy are shown as a function of spin in Fig. 10͑b͒ . The agreement between experimental and theoretical values is reasonably good thus supporting the assignment of the 11/2 Ϫ ͓505͔ configuration to the new band in 161 Dy.
V. PROJECTED SHELL MODEL CALCULATIONS
The projected shell model ͑PSM͒ is a shell model approach that describes rotational bands in heavy nuclei. The PSM builds its shell model basis by selecting configurations from the deformed single-particle states and performing angular momentum projection exactly. It allows us to treat heavy nuclei in a shell model framework because important nuclear correlations are easily taken into account in a manageable configuration space. In recent years, the PSM has become a useful tool to analyze the high-spin data, for both normally deformed and superdeformed nuclei. It has already been used by us to describe the yrast lines and excited bands of the even-even 160, 162 Dy isotopes in Ref. ͓7͔ . In this work, PSM calculations of rotational bands of both parities in the odd isotopes 159, 161, 163 Dy will be presented. We will give only a brief reminder of the PSM here, more details can be found elsewhere ͓26͔. The ansatz for the wave function is given by
͑7͒
The index labels the states with the same angular momentum and the basis states having quantum number K. To describe the even-even Dysprosium isotopes we have used a basis spanned by the quasiparticle vacuum ͉⌽͘, twoquasiproton states, two-quasineutron states, and fourquasiparticle states ͑two-quasineutron and two-quasiproton͒ ͓7͔. This basis was large enough to consider neutron and proton alignments simultaneously. The current version of the odd-A ͑in our case odd-N) code ͓27͔, however, only handles so far a limited basis of the type which is numerically quite involved and out of scope of our present PSM code.
In Fig. 12 the alignment plots for the negative parity bands are shown for the three Dy isotopes. These calculations based on a limited model space, though not very successfull in providing a quantitative agreement with all the experimental data, do have the advantage of indicating where proton or neutron alignment is taking place. In panel ͑a͒ the results of these calculations together with the data are shown for the 3/2 Ϫ ͓521͔ band in 159 Dy. Up to បϷ0.2 MeV the TQPM solution provides a good agreement with the experiment, i.e., no additional neutron alignment is required. For បϾ0.2 MeV, however, the alignment provided by the TQPM solution is not sufficient to reproduce the data. As we can see in the TQNM results we get enough alignment from the neutron system, indicating that neutron alignment takes place for បϾ0.2 MeV. For the same band in 161 Dy, we see in panel ͑b͒ that the alignment that takes place in the data for បϷ0.25 MeV is also due to neutron alignment. For the 5/2 Ϫ ͓523͔ band in 163 Dy ͓panel ͑d͔͒ we find that the TQPM calculation gives good agreement with the data and that only at high angular frequencies a small neutron alignment may ocurr. This is not the case for the same band in 161 Dy ͓panel ͑c͔͒, where we find that both the proton and neutron contributions are needed already for small angular frequency. Furthermore, a strong neutron alignment takes place around បϾ0.25 MeV. Finally for the band 11/2 Ϫ ͓505͔ in 161 Dy ͓panel ͑f͔͒, we find good agreement with the data for the TQPM solution, while the alignment observed for the same band in 159 Dy ͓panel ͑e͔͒ requires more alignment than indicated by the TQNM and TQPM calculations.
VI. CONCLUSIONS
High-spin states in the odd 159, 161, 163 Dy isotopes have been studied via the incomplete fusion reactions 158, 160 Gd ( Dy. For the latter band, also a signature dependence is observed in the B(M 1)/B(E2) ratios and a correlation between the observed signature dependence of the electromagnetic decay properties and the energy staggering of the bands has been discussed. Finally, the properties of all observed rotational bands, in particular the band crossing frequencies and alignments, have been discussed and compared to projected shell model calculations. Whereas the agreement between experiment and theory is good for the positive parity bands built on the 5/2 ϩ ͓642͔ i 13/2 neutron orbit, it is not satisfactory for the negative parity bands due to limitations of the computer codes used in the present work.
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